PURPOSE. Macular telangiectasia type 2 (MacTel) is a bilateral neurodegenerative disorder of the central macula. Previous findings indicated more functional impairment in low light conditions. We sought to further characterize retinal dysfunction using dark-adapted twocolor fundus-controlled perimetry (''scotopic microperimetry'').
M acular telangiectasia type 2 (MacTel) is a neurodegenerative disease with secondary typical vascular alterations. Phenotypic characteristics and variations have recently been reviewed and summarized in detail. 1 Functional impairment includes reduced reading performance, metamorphopsia, and a focal paracentral scotoma that enlarges over time. [2] [3] [4] So far, the exact underlying disease mechanism remains unclear.
One aim of the international MacTel Natural History Observation Registry (NHOR) study 5 is to identify earliest structural and functional alterations of the disease, which may shed light on its pathophysiology. In eyes with very early structural disease manifestation, no functional loss was found on visual acuity and mesopic microperimetry testing. 6 In eyes with more advanced disease, areas adjacent to the deep and sharply demarcated scotomata on mesopic microperimetry testing show mild rod dysfunction. 7 Low light conditions have an overly negative effect on contrast sensitivity and visual acuity in MacTel patients compared with controls. 8 Recently, a two-color dark-adapted fundus-controlled perimetry device was introduced that combines the advantage of fundus-controlled perimetry (socalled microperimetry) with the possibility of retinal sensitivity testing under light-and dark-adapted conditions (so-called scotopic microperimetry). 9 In microperimetry, as opposed to conventional perimetry, stimuli are directly projected onto the retina, which allows creating precise retinal sensitivity maps. There is evidence that the use of two different wavelengths may allow separating cone from rod function. [9] [10] [11] We hypothesized that ''scotopic microperimetry'' might be able to uncover functional impairment in early disease stages and that dark-adapted cyan sensitivity would be more impaired as sign of more severe rod dysfunction.
METHODS
Patients of the MacTel NHOR study were examined in the Department of Ophthalmology, University of Bonn, Germany. The study was conducted in accordance with the Declaration of Helsinki and informed consent was obtained from all participants.
Imaging and Microperimetry
The participants of the study underwent a previously described detailed imaging protocol. 5 The diagnosis of MacTel was based on characteristic patterns on fluorescein angiography, optical coherence tomography, fundus autofluorescence, blue light reflectance, and dual wavelength autofluorescence macular pigment optical density (DWAF MPOD) imaging. Healthy controls were age-and sex-matched. After pupil dilation with phenylephrine 2.5% eye drops and tropicamide 1% eye drops, participants of the study underwent darkadapted two-color microperimetry. The detailed technical specifications have been described recently. 10 In brief, participants underwent testing under mesopic conditions with white stimuli on white background (the results of which are not presented in this study). Thereafter, they were darkadapted for 30 minutes before being tested with red (627 nm) and cyan stimuli (505 nm) on a dark background. A perimetry grid with 49 concentrically arranged stimuli was used (Fig. 1) .
Microperimetry Results Interpretation
The S-MAIA device is calibrated based on the CIE 1951 scotopic luminosity function or V 0 (k) that shows (in terms of radiance) roughly a 20 dB lower rod threshold for cyan than for red stimuli for healthy observers. This means that the actual radiance of a stimulus at a measured sensitivity value of ''0 dB'' is approximately 20 dB brighter for red than for cyan stimuli. A healthy retinal area with normal rod and cone function would therefore yield a cyan-red difference of 0 dB for eccentricities >28. 12 The central fovea, including the rod-free zone with a diameter of approximately 1.0 to 1.25 degree, does not contain many rods or S-cones, 12 so the sensitivity for cyan stimuli is very low and can reach absolute scotoma levels even in the healthy retina. Cone and rod sensitivities for long wavelengths (red) are at similar luminance levels in darkness. 13 Thus, an isolated loss of rod function will lead to a relatively stronger loss of cyan sensitivity, yielding negative cyan-red difference scores. If both photoreceptor systems are similarly impaired, the cyan-red difference would become 0 dB again. Table 1 gives an overview of those patterns of sensitivity loss and how we suggest their interpretation.
MPOD Classes
We graded the disease into four different classes of MPOD loss, using a mildly modified version of a previously suggested classification.
14 MPOD class 1 was defined as temporal loss of macular pigment with remaining foveal macular pigment. Additional foveal loss of MPOD defined class 2. Class 3 was defined as MPOD loss in the entire ''MacTel area.'' Eyes without MPOD loss were defined as stage 0. Those eyes did not show any evidence of MacTel on any of the imaging modalities used in this study and were therefore considered ''seemingly unaffected.'' It has been shown in an earlier study that those seemingly nonaffected eyes may show functional deficits in 
Statistical Analysis
All statistical analyses were performed using the R statistical software (R development Core Team, Vienna, Austria). Only eyes with a complete test set with mesopic and dark-adapted microperimetry were used for final analysis. Mixed linear models were used for statistical analysis. Participant category (control versus MacTel) and retinal eccentricity (degree) were used as fixed effects. We included both subject and eye as random intercepts for the model fitting of the sensitivity values. When testing the global indices, only a random intercept for the subject was included. Random term inclusion was tested using likelihood ratio tests. Significance of fixed effect terms were tested using Wald test. A P < 0.05 was considered as significant. In two-color dark-adapted microperimetry, mean retinal sensitivity for both cyan and red was lower in eyes with MacTel when compared with controls. The effect size was larger for cyan than for red (À4.75 dB versus À2.26 dB) resulting in a negative cyan-red difference ( Table 2) .
RESULTS

Thirty
MacTel was associated with a higher reduction of cyan than red sensitivity when compared with controls at each eccentricity, resulting in a negative cyan-red difference at each eccentricity. In MacTel, the largest reduction of both cyan and red sensitivity compared with controls was found at 1-and 3-degree eccentricity (Table 3 ). The largest reduction of the cyanred difference was found at 3 degree, possibly indicating stronger rod than cone impairment in this area. We observed that sensitivity loss seemed more pronounced in the temporal when compared with the nasal retinal sector (Figs. 1, 2) .
MPOD class was a relevant predictor of retinal sensitivity (Table 4 ; Fig. 3 ). MPOD class 0 was not associated with a change of cyan and red sensitivity. MPOD class 1 was associated with reduced cyan sensitivity, but not with a change in red sensitivity. MPOD classes 2/3 were associated with both reduced cyan and red sensitivity. The effect of MPOD classes 2/ 3 for cyan was more pronounced than for red sensitivity (higher loss), but MPOD classes 2/3 had a similar effect for each color (Table 4) .
MacTel patients presented a lower mean deviation (MD) and higher pattern standard deviation (PSD) for both cyan and red. For MD, the effect was more pronounced (more loss) for cyan, but for PSD, the effect was similarly large for both colors (Table 5 ). In Figure 4 , this can be seen as a shift toward lower MD values for cyan: a shift toward the left side of the line of The intercept represents the mean sensitivity of the control eyes. The estimates reflect the expected change compared with this intercept when looking at the predictor variables. MacTel was associated with lower cyan and red sensitivity. CI, 95% confidence intervals. P values below the significance threshold are printed in bold. MacTel was associated with lower cyan sensitivity at every location. Red sensitivity was decreased at each location except at 7 degrees. The cyanred difference was lower at each location; however, this difference did not reach significance at all eccentricities. P values below the significance threshold are printed in bold.
equality. For PSD, there is a mild bias toward higher values for cyan for both control and MacTel, possibly due to the naturally lower cyan sensitivity in the fovea, as higher PSD values reflect more focal sensitivity losses.
MPOD class seemed relevant for the pattern of MD/PSD change (Table 6 ). MPOD class 0 was not associated with a change of MD or PSD. MPOD class 1 was associated with a lower MD for cyan color, but not for red color. It was not associated with a change of PSD. MPOD classes 2/3 were associated with lower MD and higher PSD for both colors (Table 6 ). Figure 5 shows the cumulative defect curves for all eyes with MacTel (top) and for each MPOD class (bottom). The total of yes showed a global sensitivity reduction in the cumulative defect curve for cyan color, and a more focal loss for red sensitivity. Eyes with MPOD class 0 had normative cumulative defect curves for both cyan and red. Eyes with MPOD class 1 showed a globally reduced cyan sensitivity, but a quasinormative red sensitivity. Eyes with classes 2 and 3 showed similar curves to one another, with a global deficit for cyan, and a more focal deficit for red color.
DISCUSSION
Our results suggest characteristic sensitivity changes for the two tested colors in a dark-adapted state. Sensitivity loss was more pronounced for cyan, and this was strongest at 1-and 3-degree eccentricity from the fovea. This pattern of sensitivity loss is suggestive of more pronounced rod impairment, which could be explained by photoreceptor absence or dysfunction on a cellular level. The lower rod density in the central macula 12 might be one explanation for the latter, maybe due to an increased susceptibility of those rods, or a lack of redundancy. Cones might also partially contribute to cyan responses and using only two wavelengths might not be enough to reliably separate cone from rod function. 15 Moreover, the device used in the study shows both floor and ceiling effect for cyan and red stimuli, challenging the distinction between cone and rod function, especially when reaching brighter cyan levels (i.e., more severe rod dysfunction, or natural absence of rods in the fovea). However, previous studies provided evidence that selective loss of cyan function indeed reflects more pronounced loss of rodmediated vision. [9] [10] [11] A revised version of the device with an improved dynamic range might be able to quantify severe FIGURE 2. Difference of the means (MacTel minus control) of dark-adapted cyan and red sensitivities and for their differences for each stimulus location. The error bars show the 95% confidence intervals. Temporal locations show higher differences than nasal locations, and the differences are stronger for cyan than for red. The highest differences are found at 1-and 3-degree eccentricity. degrees of rod dysfunction more reliably. 16 The results presented here therefore constitute rather conservative estimates for the degree of photoreceptor dysfunction.
Although there remains a degree of uncertainty of which photoreceptor class is actually responding and the device does not fully replace more elaborate psychophysical methods, we uncovered relevant and marked differences between different classes of macular pigment loss, regardless of the responding photoreceptor type. Eyes with preserved macular pigment (MPOD class 0) did not show functional deficits in this study. This finding is interesting and important, because we were previously able to show a marked loss of the Stiles-Crawford effect and an impairment of low luminance contrast sensitivity in those eyes of the same observers. 6, 8 The impaired contrast sensitivity as opposed to the unimpaired microperimetry sensitivity are indicative of a (postreceptorally) impaired cone system, which would also be in keeping with recent electrophysiological findings in MacTel suggesting an inner retinal dysfunction. 17 Eyes with only minor MPOD loss (class 1) showed a general loss of cyan sensitivity but normal red sensitivity, whereas eyes with more pronounced MPOD loss (classes 2 and 3) showed focal loss of red sensitivity and (more pronounced) loss of cyan function (Fig. 5) . As this might reflect stronger rod impairment, our results were in accordance with previous studies of scotopic function in patients with MacTel, which showed a more pronounced loss of scotopic than photopic sensitivity. 7 Another explanation for the effect of MPOD class on retinal sensitivity might also be a type of adaptation mechanism to longstanding absence of macular pigment, maybe on photoreceptor level, making the retina less sensitive to blue light (macular pigment has its absorption maximum in the blue spectrum). 18 This idea would fit our observation that the loss of cyan sensitivity affected the central one degree in a rather concentric manner, possibly correlating to a loss of foveal MPOD, and also fit our observation that eyes with MPOD class 0 did not show impaired cyan sensitivity. Figures 3 and 5 show how eyes with MPOD classes 2 and 3 had markedly worse function than eyes with MPOD classes 0 and 1. This correlation suggests that MPOD loss might also be useful as an adjunct parameter for the assessment of disease progression; however, classes 2 and 3 were showing similar results in our study and it might be useful from a functional perspective to reduce them to a single category.
The localized retinal dysfunction in MacTel with its temporal predominance represents a peculiar phenomenon. Electrophysiological studies showed normal morphology and retinal function in the retinal periphery of MacTel. 17 Although we are not aware of any MacTel case that extends beyond the so-called ''MacTel area,'' this remains an observation that warrants systematic analysis. On the other hand, a recent study suggested a disturbance of the RPE-photoreceptor interface extending into the retinal periphery, 19 but the relevance of this finding remains unclear. The MacTel area seems to be anatomically congruent with the area containing Henle's fibers (unpublished observation from histology studies by one of the coauthors [MF]), which corresponds to the rod-free area before the centripetal photoreceptor migration during embryogenesis. 20, 21 It is conceivable that the photoreceptors in this area might behave differently from ''peripheral'' photoreceptors, possibly due to differences in metabolism and subsequently higher susceptibility to metabolic dysfunction. 22, 23 Lens opacities might also have influenced the sensitivity for cyan stimuli due to absorption of shorter wavelengths, but one would expect a more global loss of sensitivity and not a focal loss as our results strongly suggested. We therefore decided not to account for cataract as another independent variable lest the linear mixed models contain too many covariates. A limitation of our study was the small numbers of patients with early and earliest disease stages. The results were therefore more of The intercept represents the expected value of the control eyes. The estimates reflect the expected change compared with this intercept when looking at the predictor variables. MacTel is associated with lower MD and higher PSD. MD is more reduced for cyan stimuli.
P values below the significance threshold are printed in bold. The estimates reflect the expected change compared with this intercept when looking at the predictor variables.
P values below the significance threshold are printed in bold.
observational character and the reliability of statistical inference would therefore remain limited. Future studies including more eyes with early disease are required. Those are likely to be identified because of our increasing knowledge about early stages and potential precursors of the condition. In summary, we present the first dark-adapted two-color microperimetry study in eyes with MacTel. Our results corroborated evidence that rod function might be compromised earlier and to a greater extent than cone function. The results also point toward an early affection of inner retinal function mainly of the cone system. Categories of macular pigment loss and global perimetry indices might be useful as adjunct measures of functional impairment and thus disease progression. The results are encouraging for further research into retinal function in low light conditions in MacTel, and might help understand the pathophysiology of the disease.
